The histone acetyltransferase males-absent-on-the-first (MOF) acetylates the histone H4, a modification important for many biological processes, including chromatin organization, transcriptional regulation, DNA replication, recombination and repair, as well as autophagy. Depletion of MOF induces serious consequences because of the reduction of histone acetylation, such as nuclear morphological defects and cancer. Despite the critical roles of MOF in the nucleus, the structural or functional mechanisms of the nucleocytoplasmic transport of MOF remain elusive.
The histone acetyltransferase males-absent-on-the-first (MOF) acetylates the histone H4, a modification important for many biological processes, including chromatin organization, transcriptional regulation, DNA replication, recombination and repair, as well as autophagy. Depletion of MOF induces serious consequences because of the reduction of histone acetylation, such as nuclear morphological defects and cancer. Despite the critical roles of MOF in the nucleus, the structural or functional mechanisms of the nucleocytoplasmic transport of MOF remain elusive.
Here, we identified novel importin α1-specific nuclear localization signals (NLSs) in the Nterminal of human MOF. The crystal structure of MOF NLSs in complex with importin α1 further revealed a unique binding mode of MOF, with two independent NLSs binding to importin α1 major and minor sites, respectively. The second NLS of MOF displays an unexpected α-helical conformation in the C-terminus, with more extensive contacts with importin α1 not limited in the minor site. Mutations of the key residues on MOF and importin α1 lead to the reduction of their interaction as well as the nuclear import of MOF, revealing an essential role of NLS2 of MOF in interacting with importin α1 minor site. Taken together, we provide structural mechanisms underlying the nucleocytoplasmic transport of MOF, which will be of great importance in understanding the functional regulation of MOF in various biological processes.
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| INTRODUCTION
Histone acetyltransferases (HATs), mediating acetylation of histone and non-histone substrates in eukaryotes, can be classified into 3 families: the Gcn5-related N-acetyl-transferase family, p300 (E1A-associated protein of 300 kDa)/CREB-binding protein, and MYST (MOZ, Ybf2/Sas3, Sas2 and Tip60). The MYST family is the largest but the least studied family of HATs. 1 As a member of MYST family, malesabsent-on-the-first (MOF) was first discovered as an essential component of the dosage compensation complex enriched on male X chromosome in Drosophila, required for the specific acetylation of histone H4 at lysine 16. [2] [3] [4] MOF is composed of two functional domains: an N-terminal chromo-barrel (CD) domain prevalent in proteins associated with chromatin and a C-terminal highly conserved HAT domain containing a C 2 HC-zinc finger for recognizing specific substrates. [5] [6] [7] MOF mainly acetylates histone H4 at lysine 16 (H4K16), as well as other non-histone substrates, 8 which is essential for cell growth and the progression of embryonic development. [9] [10] [11] Knockdown of MOF in HeLa and HepG2 cells leads to the reduction of acetylation of H4K16, resulting in suppressed gene transcription, G2/M arrest and tumorigenesis. [12] [13] [14] It was also reported that MOF facilitates DNA repair as the acetylation of H4K16 enhanced the chromatin accessibility. 15 In addition, MOF also acetylates non-histone substrates to Weili Zheng, Rui Wang, Xi Liu and Siyu Tian contributed equally to this study.
Abbreviations: ARM, armadillo repeats (Arm); CHAPS, 3-((3-Cholamidopropyl) dimethylammonio)-1-Propanesulfonic Acid; cNLSs, classical NLSs; CREB, cAMP response element-binding protein; DAPI, 4',6-diamidino-2-phenylindole; GFP, green fluorescent protein; GST, Glutathione S-transferase; HATs, histone acetyltransferases; MOF, males-absent-on-the-first; MOPS, 3-(N-morpholino)propanesulfonic acid; NLSs, nuclear localization signals; NoRC, nucleolar remodeling complex; SV40, simian virus 40; TIP5, TTF-I-Interacting Protein 5; WT, wild type indirectly modify the chromatin. For example, MOF reverses the repression of ribosomal RNA genes through acetylating TIP5, which is the largest subunit of the chromatin remodeling complex NoRC. 16 Moreover, MOF is able to regulate other physiological functions besides chromatin modification. MOF acetylates Nrf2 and induces its downstream anti-oxidant genes expression, leading to tumor growth and drug resistance in non-small cell lung cancer. 17 Despite that MOF is a significant component of diverse nuclear biological processes, there are still no structural or functional studies of the cellular localization and nucleocytoplasmic transport of MOF.
The biological shuttling between the nucleus and the cytoplasm are largely dependent on many nuclear pore complex distributed along the nuclear envelope. 18, 19 The transport of most eukaryotic proteins is active transport that involves signaling sequences called NLSs. 20, 21 Classical NLSs (cNLSs) are recognized by soluble transport importin β or heterodimeric receptors consisting of importin α and importin β. [22] [23] [24] [25] cNLSs can be classified into basic monopartite and bipartite nuclear localization sequences, such as a typical monopartite NLS of "PKKKRK" in the simian virus 40 (SV40) large-T antigen and bipartite NLS "KRPAATKKAGQA---KKKKLD" in the nucleoplasmin, respectively.
26-28
A variable number of residues have been identified between the 2 clusters of basic amino acids in a bipartite NLS. 29, 30 The importin α is structurally characterized as 10 armadillo repeats (Arm) in the central region,
forming into a right-handed super helix conformation, together with its N-terminal importin β binding domain (IBB). [31] [32] [33] Commonly, there are two separate NLS-binding sites in the importin α Arm groove to interact with NLSs. To be specific, the major binding site composed of Arm (2) (3) (4) recognizes the monopartite NLSs and the larger clusters basic residues of bipartite NLSs, while the minor site Arm (6-8) recognizes the smaller clusters of basic residues in bipartite NLSs. 25, 34, 35 Since nuclear import of MOF is crucial for its function, we therefore characterized the mechanism of the nucleocytoplasmic trafficking of MOF by studying its interaction with import receptors. We 
| Importin α1 directly recognizes the NLS of MOF
The heterodimeric receptors of importin α and importin β are responsible for the nuclear import of protein cargos with cNLSs. 37, 38 As MOF is a constitutive nuclear protein with a putative NLS, we first investigated the nuclear import mechanisms of MOF by studying whether MOF can be recognized by importin α. HA-tagged importin α1 and Myc-tagged MOF were co-transfected in 293T cells, followed by a co-immunoprecipitation assay ( Figure 2A ). We found that HA- In addition, we used AlphaScreen assay to determine whether MOF can be directly recognized by importin β ( Figure 2C ), which is another conventional nuclear import pathway. 39 As expected, WT importin α1, but not the importin α1 ΔIBB domain, was able to interact with importin β ( Figure 2C ). However, GST-tagged MOF or GST-tagged MOF (121-169), both carrying the putative NLS, failed to interact with importin β, suggesting that MOF targeted importin α1/importin β complexes directly through importin α1 rather than importin β. Taken together, consistent with the predicted nuclear import signal in the N-terminal MOF, our results demonstrated that MOF can be directly recognized by the highly organized armadillo repeats of importin α1.
| Structural analysis of the MOF recognition by importin α1
To unravel the mechanism underlying the nuclear import of MOF by importin α1, we crystallized and solved the structure of MOF (121-169) in complex with importin α1 at 2.3 Å diffraction resolution ( Figure 3 , Table 1 ). As shown in Figure 3A , importin α1, comprising residues 70-499, adopts a right-handed α-helix conformation with 2 hydrophobic grooves, onto which 2 MOF NLSs pack, which resembles the structural character of Arm repeats protein. The structure further revealed that MOF has contacts with importin α1 in both major and minor sites, respectively, similar to the binding mode of bipartite NLSs, like TPX2 ( Figure 3A and Figure S1 , Supporting Information). 40 Interestingly, unlike a classical bipartite NLS, two separate but overlapping NLS sequences were apparent from the highly revealing electron density map ( Figures 3B,C and S2A ."
The major site binding sequence of MOF shows an extended loop conformation similar to other major sites bound NLSs ( Figure 3A ,C). 
| Functional correlation of the interaction between MOF and importin α1
To further validate the differential roles for the binding of two distinct NLSs to the importin α1 major and minor sites, respectively, we mutated several key interface residues and evaluated their effects on the binding activity. Given the critical roles of the importin α1 residues Asp192 from the major site and Glu396 from the minor sites in the recognition of NLSs, 41 MOF (49-169) containing NLS1
and NLS2 was used to pull down importin α1 major site Asp192 variants (D192A and D192K) and minor site variants (E396A and E396R), which were predicted to interfere with the binding of MOF NLS1 and 
| DISCUSSION
In this study, we uncovered a NLS-mediating MOF nuclear import process preferentially dependent on the importin α1 minor site. First, Outliers 0
Values in parenthesis are for highest resolution shell. R sym = P |I i − hIi|/ P |I i |, where I i is the intensity of the ith measurement, and hI i i is the mean intensity for that reflection. R work = P |F obs − F calc |/ P |F obs | , where F obs and F calc are the observed and calculated structure factor amplitudes, respectively. R free is calculated using the same equation as that for R work , but 5% of reflections were chosen randomly and omitted from the refinement. residues. 26, 27 Studies of cargo-import mechanism revealed that the major sites are decisive for the recognition by monopartite and bipartite
NLSs. It was reported that the major site variants will disrupt both monopartite and bipartite NLS binding. 44 Crystallographic studies of the nuclear import of TPX2 and PLSR4 40, 45 
| METHODS
Plasmids and constructs human MOF WT and deletion mutant fragments were subcloned into pET24a (Novagen, Germany), pGEX-4 T-1
(GE Healthcare, PA, USA) and pEGFP-C1 (Clontech) for further pulldown assay and confocal microscopy assay. Human full-length importin β, importin α1 and various deletion mutants were cloned for in vitro His-tag pull-down assay. Specific mutant constructs were generated by Quick-Change site-directed mutagenesis kit (Stratagene).
| AlphaScreen assay
The binding selectivity of MOF to importin β or importin α1 was determined by AlphaScreen assays using detection kit from Perkins-Elmer. 
| Accession codes
The structure of MOF complexed with importin α1 was deposited at the www.pdb.org with PDB ID 5H43. For crystallization, human importin α1 (residues 70-499) and human MOF (residues 121-169) were mixed at a molar ratio of 1:1, followed by gel filtration and filter concentration to 10 mg/mL.
| Crystallization and structure determination
The crystals of human importin α1 Arm (residues 70-499) and MOF (residues 121-169) complex were grown at room temperature in hanging drops containing 1.0 μL of the above protein complex solutions and ccp4.ac.uk). 46 Manual model building was carried out with Coot, 47 followed by REFMAC 5 refinement in the CCP4 suite. 48 
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